Abstract. Since launch, the Terra and Aqua moderate resolution imaging spectroradiometer (MODIS) instruments have successfully operated on-orbit for more than 9 and 6.5 years, respectively. MODIS, a key instrument for the NASA's Earth Observing System (EOS) missions, was designed to make continuous observations for studies of Earth's land, ocean, and atmospheric properties and to extend existing data records from heritage earth-observing sensors. In addition to frequent global coverage, MODIS observations are made in 36 spectral bands, covering both solar reflective and thermal emissive spectral regions. Nearly 40 data products are routinely generated from MODIS observations and publicly distributed for a broad range of applications. Both instruments have produced an unprecedented amount of data in support of the science community. As a general reference for understanding sensor operation and calibration, and thus science data quality, we provide an overview of the MODIS instruments and their pre-launch calibration and characterization, and describe their on-orbit calibration algorithms and performance. On-orbit results from both Terra and Aqua MODIS radiometric, spectral, and spatial calibration are discussed. Currently, both instruments, including their on-board calibration devices, are healthy and are expected to continue operation for several years to come.
INTRODUCTION
The NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) was designed and developed to collect continuous global data for studies of both short-and long-term changes in the Earth's land, ocean and atmosphere systems and to help the science community assess the impact of global environmental and climate changes. One of the design objectives of the MODIS instruments was to continue and enhance the existing data records produced by heritage sensors such as the AVHRR, Landsat TM, CZCS, and HIRS [see Appendix A for acronym definitions] with an overall improvement of its spatial, spectral, and temporal characteristics [1] [2] [3] . Because of its capability to address a broad range of interdisciplinary science objectives with frequent multi-spectral global observations, MODIS has been described as the "keystone" instrument for both the Terra and Aqua missions. The Terra spacecraft was launched in December 1999, carrying five EOS sensors: ASTER, CERES, MISR, MOPITT, and MODIS. The Aqua spacecraft was launched in May 2002, providing a platform for six EOS sensors: AIRS, AMSR-E, AMSU, CERES, HSB, and MODIS. Both spacecraft are operated in near sun-synchronous polar orbits at a nominal altitude of 705 km, thus enabling complementary morning (Terra) and afternoon (Aqua) observations. Terra, with an equatorial crossing time of 10:30 LST, is part of the AM constellation, which also includes Landsat-7 and EO-1. Aqua has an equatorial crossing time of 13:30 LST. It is part of the PM constellation, also known as the "A-Train", which includes the Aura, PARASOL, CALIPSO, and CloudSat satellite missions.
The first MODIS instrument, the Protoflight Model (PFM), is on-board the Terra spacecraft and is thus referred to as the Terra MODIS. The second MODIS instrument, the Flight Model 1 (FM1), is referred to as the Aqua MODIS. The two MODIS instruments, built with the same design specifications, are nearly identical. Each MODIS instrument has 20 reflective solar bands (RSB) and 16 thermal emissive bands (TEB), with wavelengths from 0.41 to 2.2µm and 3.75 to 14.24µm, respectively. MODIS observations are made at three nadir spatial resolutions: 250m for bands 1-2, 500m for bands 3-7, and 1km for bands . Table 1 is a summary of key design parameters and calibration requirements of the MODIS spectral bands, including their primary science applications. One of the most significant improvements of the MODIS instrument over heritage sensors is its advanced capability of performing comprehensive on-orbit calibration and characterization. This is achieved through a set of on-board calibrators (OBC), as shown in Figure 1 . Since launch, Terra MODIS has successfully operated for more than 9 years and Aqua MODIS for nearly 7 years. Together, they have produced an unprecedented amount of highquality data for the science community and significantly contributed to satellite remote sensing studies and applications. Nearly 40 science data products are routinely produced and distributed worldwide in support of scientific studies of a broad range of land, ocean and atmospheric properties [4] [5] [6] [7] [8] . Each science discipline, which can be accessed via the MODIS URL at modis.gsfc.nasa.gov, provides information on their respective products. All of the data products are available to the global science community (modis.gsfc.nasa.gov/data/). To date, both instruments are in a healthy operational condition. Their on-board calibrators continue to function normally, allowing calibration and data quality to be maintained. Considerable effort has been made by the MODIS Characterization Support Team (MCST) at NASA/GSFC to assure satisfactory operation and calibration for the extended missions of both Terra and Aqua MODIS and to continue producing high quality data products. Updates of instrument status, information on the MODIS Level 1B data products, and changes in the calibration algorithms and look-up tables (LUT) are provided through the MCST web page at www.mcst.ssai.biz/mcstweb/index.html. The objective of this paper is to provide an overview of both Terra and Aqua MODIS calibration and performance. This review is directed to the general remote sensing community in order to facilitate a better understanding of sensor calibration and characterization and thus the impact of MODIS instrument performance on the generated science products. Section 2 provides a brief description of MODIS, including its key components and sub-systems, and an overview of its on-board calibration systems. Pre-launch calibration activities are presented in Section 3. Section 4 describes instrument on-orbit calibration methodologies and algorithms. In Section 5, on-orbit results are illustrated and discussed for both Terra and Aqua MODIS. Additional discussions focusing on lessons learned and applications to future missions are included in Section 6. A summary of this paper is given in Section 7. Also included is an appendix of acronyms.
INSTRUMENT BACKGROUND
MODIS is a multispectral filter radiometer, making observations in 36 discrete spectral bands. It collects data using both sides of its scan mirror. The radiant flux reflected from the scan mirror is directed by a fold mirror to the sensor's off-axis telescope, consisting of a primary and a secondary mirror as illustrated in Figure 1 . The aft optics includes 3 beam splitters, 4 objective assemblies, and various blocking and spectral band pass filters. The 36 spectral bands are located on four focal plane assemblies (FPA), shown in Figure 2 , according to their spectral regions: visible (VIS), near infrared (NIR), short-and mid-wave infrared (SMIR), and long-wave infrared (LWIR). The temperatures of the VIS and NIR FPA are not controlled, and float with the instrument, whereas the SMIR and LWIR FPA are controlled nominally at 83K via a passive radiative cooler and are referred to as the cold FPA (CFPA). There are 40, 20, and 10 detectors for each 250m, 500m, and 1km resolution spectral band, respectively, with the exception of bands 13 and 14, which make both high and low gain observations through a time-delay and integration (TDI) with a pair of 10-detector arrays. As a result, MODIS has a total of 490 detectors. The spectral bands are aligned in the along-scan direction and detectors in each spectral band in the along-track direction. Both sides of the scan mirror collect data alternately. The Earth view (EV) observations are made over a scan angle range of ±55º relative to instrument nadir, resulting in a swath of 2330km cross-track by 10 km (at nadir) along-track in each scan of 1.478s and, therefore, producing a complete global coverage in less than 2 days. To meet its on-orbit calibration requirements, MODIS was built with an extensive set of on-board calibrators (OBC) capable of performing different calibration functions. These include a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a blackbody (BB), and a spectro-radiometric calibration assembly (SRCA). A space view (SV) port is often considered part of the OBC. Observations through the SV port provide measurements of instrument background for a zero signal reference. The SD panel, made of space-grade Spectralon, is used as the RSB on-orbit calibration reference. The SDSM is designed to operate during SD calibrations in order to track its onorbit degradation. As a ratioing radiometer, the SDSM makes alternate measurements of direct sunlight through an attenuation screen and the sunlight reflected from the SD at 9 wavelengths from 0.41 to 0.96µm. The attenuation screen was designed to match the signals from the SDSM Sun view and SD view. The relative change in the time-dependent ratios of the SD view responses to the Sun view responses is a measure of the SD degradation. The onboard BB, with its temperatures measured by a set of 12 thermistors, provides a calibration reference for the TEB. The SRCA is a unique device with built-in sources and a limited internal spectral calibration capability. It can be configured and operated in three modes: radiometric, spectral, and spatial. The SRCA radiometric and spectral calibration capabilities only apply to the RSB, while the spatial calibration includes both the TEB and RSB [9] [10] .
For each 1km resolution detector, MODIS collects 50, 10, 50, 50, and 1354 frames (data samples) per scan over the SD, SRCA, BB, SV, and EV sectors, respectively. The number of data samples are doubled for each 500m resolution detector and quadrupled for each 250m resolution detector.
PRE-LAUNCH CALIBRATION ACTIVITIES
MODIS development was driven by the desire of a broad science community for a number of improvements over its heritage sensors, including more stringent calibration requirements and improved on-orbit calibration. Consequently, extensive pre-launch measurements were made to calibrate and characterize sensor performance. Described in the following are the key radiometric, spectral, and spatial calibration and characterization activities performed prelaunch, and the resulting issues.
MODIS pre-launch radiometric calibration included measurements of each detector's gain, nonlinearity, dynamic range, signal-to-noise ratio (SNR), and response repeatability. For the purpose of setting each detector's gain and offset, limited radiometric calibration was initially performed at component and sub-system levels in ambient conditions. After sensor integration and test (I&T), a complete set of system-level radiometric calibrations and characterizations was made in a thermal vacuum chamber in order to fully evaluate sensor performance and design compliance. Figure 3 shows the layout of MODIS in the thermal vacuum chamber. In anticipation of sensor launch, activation, and on-orbit operational conditions at the beginning of life (BOL) and end of life (EOL), key radiometric calibrations were performed at three instrument temperatures, often referred to as the cold, nominal, and hot plateaus. As an enhancement to the sensor reliability, MODIS was built with primary (A-side) and redundant (B-side) electronic subsystems, including the power supply, time-generator, control processor (analog), and formatter (digital). For Terra MODIS, both primary and redundant configurations were characterized in the thermal vacuum at instrument nominal plateau. With lessons learned and issues uncovered from Terra MODIS, additional configurations, including a number of cross-strapping configurations, were also characterized for Aqua MODIS, which led to an improved understanding of its performance.
A spherical integrating source (SIS) was used as the primary calibration source for the RSB radiometric calibration. The SIS was operated in an ambient environment. It was characterized with traceability to NIST irradiance standards. By operating the SIS with different lamp configurations, multiple radiance levels are generated. The RSB detector gain (or 1/response), nonlinearity, dynamic range, and signal-to-noise ratio (SNR) were determined from detector responses to multiple input radiances from the SIS. The repeatability was characterized using measurements made under the same test condition but at different times. The thermal emissive bands (TEB) radiometric calibration was carried out using a groundbased blackbody calibration source (BCS), with a modeled emissivity of better than 0.9998 across the entire TEB spectral range. The temperatures of the BCS were measured using highprecision thermistors. All thermistors were fully characterized with traceability to NIST temperature scales. Different radiance levels were achieved by operating the BCS at different temperatures. The BCS was operated within the thermal vacuum chamber, allowing the sensor to view the calibration target directly. In addition to characterizations made at different instrument temperatures, the TEB radiometric calibration was made at three different CFPA temperatures, including the nominal temperature of 83K. The on-board BB was also operated and characterized in the thermal vacuum environment using measurements taken together with the BCS. Pre-launch spectral characterization included measurements of each detector's relative spectral response (RSR) to in-band (IB) and out-of-band (OOB) radiances, its center wavelength and bandwidth. The IB RSR was made at much smaller wavelength steps than the OOB RSR. The RSB spectral characterization was conducted in ambient while the TEB spectral characterization was performed in the thermal vacuum. A double-grating monochromator, the spectral measurement assembly (SpMA), was used for the MODIS spectral characterization. Special efforts were made to correct for atmospheric transmission, the thermal vacuum (chamber) window's transmission, and off-axis effects of the SpMA exit slit in order to improve the RSR quality. As shown in Figure 2 , the 36 MODIS spectral bands are located on four focal plane assemblies. The band-to-band registration (BBR), detector instantaneous field of view (IFOV), modulation transfer function (MTF), and line spread function (LSF) are the key spatial characterization parameters. They were determined prelaunch using an integration and alignment collimator (IAC). Key pre-launch spectral and spatial references were established and transferred to on-orbit by operating the SRCA together with ground-based equipment [11] [12] [13] [14] [15] .
Since MODIS collects data over a large scan angle range of ±55º, the system level sensor calibration and characterization activities also included measurements of sensor response versus scan-angle (RVS) for both the TEB and RSB, and scan angle dependent polarization sensitivity for the VIS and NIR spectral bands. When used together, the detector response (1/gain), which is only calibrated at a fixed angle, and the RVS allow data collected at different viewing angles to be fully calibrated. The SIS and BCS were used as the calibration sources for the RSB RVS and TEB RVS, respectively. Polarization sensitivity requirements only apply to the spectral bands with wavelengths below 1µm. The polarization was characterized using a polarization source assembly (PSA). The sensor's polarization properties are particularly important for the ocean color and key aerosol data products. During RVS and polarization characterization, MODIS was placed on a rotary table with the calibration sources located at fixed positions. More details on the RVS and polarization measurements and results can be found in previous reports [16] [17] [18] MODIS RSB on-orbit calibration is reflectance based with reference to its on-board solar diffuser (SD). The SD reference property is its bi-directional reflectance factor (BRF), which was characterized pre-launch by the instrument vendor with traceability to NIST reflectance standards. The BRF characterization was made in a comparison mode using a scattering goniometer at different wavelengths and different viewing geometries. Standard reference samples with NIST traceability were used before and after MODIS SD BRF measurements [19] .
Pre-launch calibration and characterization revealed a number of sensor issues, which could impact sensor on-orbit performance. These issues are continuously examined via special calibration efforts, and often require modifications to the general calibration algorithms. For Terra MODIS, the TEB RVS characterization was not successful because of inadequate data sets from pre-launch measurements. Because of this, Terra MODIS TEB RVS had to be characterized post-launch using data collected during spacecraft deep space maneuvers [20] . In addition to identifying noisy and inoperable detectors, pre-launch measurements demonstrated that both Terra and Aqua MODIS SWIR bands (5-7 and 26) were impacted by a thermal leak and electronic crosstalk, although the effect in Aqua MODIS was much smaller than Terra MODIS. An improved and comprehensive on-orbit characterization was necessary to derive and update the crosstalk coefficients and apply corrections in the calibration algorithms. Bands 32-36 of Terra MODIS also experienced a small optical leak from band 31, which also require an on-orbit correction algorithm. Since bands 31-36 consist of photoconductive detectors, this optical leak was referred to as PC crosstalk [21] [22] [23] . Two major concerns for Aqua MODIS are the multiple inoperable detectors in band 6 and the BBR for band pairs crossing the cold and warm FPA [24] .
ON-ORBIT CALIBRATION ACTIVITIES AND METHODOLOGIES
On-orbit calibration and characterization activities are routinely performed for both Terra and Aqua MODIS instruments in order to monitor their performance and update calibration lookup tables (LUT) as needed for the level 1B (L1B) data processing. For the RSB, the SD/SDSM observations are made at a frequency varying from weekly to tri-weekly. Typically, each RSB calibration event consists of SD and SDSM measurements over two consecutive orbits, one with and one without the SD screen in front of the SD. Normally, the SD door is closed if no calibration event is scheduled. On Terra MODIS, however, only screened measurements are currently available from a fixed SD door and screen configuration, which resulted from an SD door operation anomaly in May 2003. As Aqua MODIS continues to operate beyond its design life of 6 years, screened measurements are collected every 3 weeks and open measurements every 6 weeks. In support of the RSB calibrations, special spacecraft roll maneuvers are implemented nearly monthly to allow MODIS to view the moon through its SV port. For the TEB, the BB calibration is performed on a scan-by-scan basis. On a quarterly basis, a BB warm-up/cool-down activity cycles through the BB operational temperature range, providing additional TEB performance information. At mission beginning, the SRCA radiometric mode data was collected monthly, the spectral mode quarterly, and the spatial mode bi-monthly. To preserve lamp usage, spectral and spatial modes are currently performed at reduced frequencies
RSB calibration
The MODIS L1B calibration algorithm converts the instrument scene responses to geolocated and radiometrically calibrated products for all spectral bands. The calibration is band, detector, sub-sample (for 250m and 500m resolution bands), and mirror side dependent. For the RSB, the primary data product is the EV top of the atmosphere (TOA) reflectance factor ρ EV ·cos(θ EV ), which is given by [12] ρ EV ·cos(θ EV ) = m 1 ·dn EV
where θ EV is the EV scene solar zenith angle, m 1 the calibration coefficient, d ES_EV the EarthSun distance in AU at the EV observation time, and dn EV * the EV signal corrected for background, view angle difference, and instrumental temperature effects. From the reflectance factor, the RSB TOA radiance, L EV , can thus be calculated,
where e SUN is the solar irradiance normalized by π at the Earth-Sun distance of 1 AU. The solar irradiance for each detector is calculated by integrating the solar irradiance spectrum with its in-band relative spectral response (RSR). The m 1 calibration coefficients are derived routinely from SD and SDSM observations. Applying Eqn. 1 to the SD observations, m 1 can be expressed by,
where ρ SD is the SD BRF derived from pre-launch characterization, θ SD is the SD solar zenith angle, dn SD * is the corrected SD detector response, and d ES_SD is the Earth-Sun distance in AU at the time of the SD measurement. Practically, two additional factors need to be included to correct for SD on-orbit BRF; degradation and the SD screen (SDS) transmission for the screened measurements [12, 25] . A similar equation can be written for the MODIS lunar observations, which provide independent monitoring of RSB radiometric stability at a different scan angle.
TEB calibration
The L1B primary data product for the TEB is the EV radiance. MODIS TEB are calibrated each scan using a quadratic algorithm, which relates the detector response (dn S ) to the sensor at aperture source radiance (L S ) after removing the instrument background [13] ,
where a 0 , b 1 , and a 2 are the offset, linear, and quadratic calibration coefficients. For the EV radiance retrieval, L S includes the EV radiance (L EV ) and a scan angle dependent mirror term. Similarly for the BB on-orbit calibration, L S includes the BB source radiance (L BB ), a mirror term at a fixed scan angle, and an additional scan cavity term, representing the scan cavity thermal emission reflected from the on-board BB. The radiance terms (BB, scan mirror, and cavity) are calculated at their corresponding temperatures for each detector using the Planck equation weighted by the RSR. The linear calibration coefficients are computed and updated from the scan-by-scan BB observations at a given BB temperature. The offset and quadratic terms, which have much smaller contributions to the overall calibration algorithm, are derived from quarterly BB warm-up/cool-down activities that provide detector responses over a range of BB temperatures [13, 26] .
Spectral and Spatial Calibration
On-orbit spectral calibration measurements can be made for the reflective solar bands with wavelengths less than 1µm when the SRCA is operated in its spectral mode. To the first order, the detector on-orbit relative spectral response, rsr(λ), is proportional to its digital response dn(λ) to the internal SRCA source at different wavelengths λ [14] ,
where C(λ) is a wavelength dependent factor computed from the SRCA reference detector's response during spectral calibration. It is used to correct the SRCA source profile. The lower cased rsr is used here to distinguish it from the pre-launch derived RSR. The critical part of MODIS spectral calibration is to accurately determine the SRCA wavelength. This is accomplished using a didymium filter, which has well characterized spectral transmission peaks. The ratio of SRCA signals before and after the didymium filter is used to determine the source wavelength. Because of the finite width of the SRCA exit slit, the rsr(λ) derived from Eqn. 5 is different from the pre-launch measured RSR(λ) unless an additional correction is applied. Due to SRCA source and signal limitations, on-orbit rsr(λ) profiles only cover the central portion of the pre-launch RSR(λ) profiles. Nevertheless, results derived from the SRCA spectral calibration can be used to track changes in detector center wavelengths and bandwidths over the sensor's entire mission. Spatial calibrations can also be made by the SRCA when it is configured into its spatial mode. Two reticles of different shapes, one designed for along-scan and another for alongtrack, are used in the spatial calibration. For each band/detector, a response profile dn(p) as a function of data sample position (p) is produced as the reticle (image) is scanned across the FPA. The centroid of this detector's response profile or the detector's position can be determined by [15] ,
where the summation is made over all data samples in either along-scan or along-track. The number of effective data samples in the along-scan spatial calibration can be increased by using electronic phase delays of a fraction of the IFOV data sampling time. The spectral band position in the along-scan direction is the average over all detectors. Due to limited data samples, the along-track profile has to be constructed using response profiles from all detectors in a spectral band. Thus only the band position is determined. The band-to-band registration (BBR) between a pair of bands is their position difference. For the along-scan direction, a nominal offset due to band location on the FPA (Figure 2 ) needs to be removed.
Special Considerations
As discussed in Section 3, there were a few small performance anomalies in both MODIS instruments. Consequently, special considerations have been made during on-orbit calibration in order to mitigate these deficiencies and to remove or reduce their impact on data quality. For both Terra and Aqua MODIS, a SWIR crosstalk correction is implemented in the L1B calibration algorithm. In addition, a special calibration activity has been designed and carried out periodically to derive and track the correction coefficients [21] . For Terra MODIS, a PC crosstalk correction is applied to bands 32-36. The correction coefficients are derived and monitored using regularly scheduled lunar observations [22] . It is noted that these corrections are applied to both the EV observations and the observations from the OBC used to derive the nominal calibration coefficients. Due to a low gain setting for band 21, which is designed for fire detection, only the fixed linear calibration coefficients are used. For Aqua MODIS bands 33, 35, and 36, fixed linear calibration coefficients are also used, but only during the BB warm-up/cool-down when the BB temperature is above their corresponding saturation temperatures [27] .
ON-ORBIT PERFORMANCE

Instrument Operational Activities
Major operational activities, significant events and anomalies of Terra MODIS are summarized in Table 2 . The Terra spacecraft was launched on December 18, 1999 and the first EV image from MODIS was captured on February 24, 2000 when its nadir aperture door (NAD) opened the first time on-orbit after completing a series of spacecraft and instrument functional check-ups. Since launch, Terra MODIS has operated using four different configurations. As highlighted in Table 2 , the instrument initially operated using the A-side electronics and formatter. It was then switched to the B-side electronics and formatter on October 30, 2000. A B-side power supply failure forced the instrument to switch back to the A-side configuration on July, 2, 2001. Shortly after, the A-side formatter failed to operate normally. As a result, a configuration using the A-side electronics cross-strapped with the Bside formatter was used for instrument operations starting on September 17, 2002. Several other notable events occurred for Terra MODIS over its lifetime. Early in the mission the cold FPA slowly lost its temperature control ability due to decreased cooler margin. The temperature control ability was eventually restored after an outgas procedure was performed. Table 3 lists key operational activities and significant events for Aqua MODIS. At the mission beginning, Aqua MODIS experienced several safe modes, primarily due to spacecraft related events, but has otherwise operated continuously. Currently, two of the four SRCA 10W lamps have been taken out of operation for both instruments. This has no direct impact on sensor radiometric calibration.
Instrument Temperature Trends
The daily average temperature trends of the instrument, cavity and scan mirror for Terra MODIS are shown in Figure 4a over its on-orbit operation lifetime. As discussed in Section 4, the RSB calibration needs correction for instrument temperature effects and the TEB calibration must consider contributions due to scan mirror and cavity thermal emission. Warm FPA and cold FPA temperature trends are also illustrated in Figure 4b and 4c, respectively. Seasonal oscillations of up to 2K (peak-to-peak) are seen in Figures 4a and 4b . For Terra MODIS, the instrument temperature has increased nearly 3K over its 9 years of on-orbit operation. The cold FPA are well-controlled at a nominal temperature of 83K, with an exception early in the mission when the CFPA lost temperature control. The vertical dashed lines in the figures indicate major configuration changes and instrument safe mode occurrences. As expected, there are small temperature trend discontinuities between the different configurations. The same temperature trends for Aqua MODIS are shown in Figure  5a , 5b, and 5c. The long-term increase in instrument temperature is approximately 1.5K over the 6.5 years since launch. Overall Aqua cold FPA temperature trends are relatively stable, but show a slight increase of up to 0.1K in recent years due to a gradual decrease of its cooler margin. For nominal operation, the BB is controlled at 290K for Terra MODIS and 285K for Aqua MODIS. On-orbit results show that the BB temperatures have been very stable for both instruments. The long-term drift has been less than 15mK (Terra) and 5mK (Aqua) over the instrument lifetime [28] . 
Noise Characterization
MODIS has a total of 490 individual detectors. There were 30 noisy detectors (20 in band 7 and 10 in band 36) identified from pre-launch measurements for Terra MODIS. A noisy detector history of Terra MODIS is provided in Table 4 . After more than 9 years of on-orbit operation, there have been 14 new noisy detectors. To some extent, this is expected as the instrument continues aging. It is noted that most of the noisy detectors that became noisy onorbit are those in the LWIR FPA. Their occurrences are correlated with spacecraft overpasses over the SAA (South Atlantic Anomaly) region. There are no inoperable detectors on Terra MODIS. For Aqua MODIS, pre-launch characterization found that there were only 2 noisy detectors, but there were 10 inoperable detectors with 8 in band 6. Table 5 is the Aqua MODIS noisy and inoperable detector history. The number of noisy detectors in Aqua MODIS is significantly less than in Terra MODIS. However, multiple inoperable detectors in band 6 are a major concern for a few data products. Because of this, band 6 observations were replaced by band 7 in some applications. Since launch, there have been 5 new noisy detectors and 5 new inoperable detectors (all new inoperable detectors are in band 6). Currently, most detectors in both instruments continue to meet their design specifications. Their performance, expressed by the band averaged ratios of measured SNR to the specified SNR (RSB) or the specified NEdT to the measured NEdT (TEB), is summarized in Figures 6  and 7 . If the ratio is larger than 1, then the detector noise performance meets the specification. Noisy detectors are excluded from the band average unless all detectors in a spectral band are noisy, such as bands 7 and 36 of Terra MODIS. In addition to those listed in Table 4 , Terra MODIS band 8 SNR are currently below the specification as shown in Figure 6 . This is largely caused by the decrease of scan mirror reflectance and thus detector response at the typical scene radiance levels. However, the detector intrinsic noise characteristics have changed very little based on the SV observations. 
Radiometric Response
The TEB calibration is performed each scan using detector responses to the on-board BB and SV. Their short-term stability can be evaluated through each detector's scan-by-scan linear response (b 1 ) using a 5-min data granule of over 200 scans. For both Terra and Aqua MODIS, the TEB short-term stability, excluding the noisy detectors identified pre-launch and on-orbit, is generally within ±0.25% over the lifetime of both instruments. The RSB calibration is performed using SD observations when it is illuminated by the Sun. The detector responses used for the short-term stability evaluation must be selected from the SD calibration "sweet" spot, which contains approximately 40 data samples. Excluding effects due to the SD screen, used to calibrate high gain bands, the typical RSB short-term stability, in terms of scan-byscan calibration coefficient m 1 , are also within ±0.25% [12, 13] . In addition to an individual detector's intrinsic characteristics, its response stability could be affected by instrument (or electronics) and FPA temperature stability. Generally, the changing of instrument temperature is a relatively slow process and thus has little impact on short-term stability. If no correction is applied, however, the detector response will show small orbit-to-orbit (daytime and nighttime) and seasonal variations. As illustrated in Figures  4 and 5 , the VIS and NIR FPA temperatures are correlated with the instrument temperature. The SMIR and LWIR FPA temperatures are actively controlled. On Terra MODIS, the CFPA temperatures have been very stable. Since mid 2005, Aqua MODIS SMIR and LWIR FPA have gradually seen small orbital temperature variations due to a loss of the cooler's thermal control margin. For the most sensitive PC bands (B31-36), the orbital variation in b1 can be up to ±0.5%. Since the TEB calibration is performed on a scan-by-scan basis, the impact due to FPA temperature variations on the resulting L1B product is expected to be minimal.
The long-term trends of Terra MODIS radiometric responses, 1/m 1 for the RSB and 1/b 1 for the TEB, from mirror side 1 are seen in Figure 8 (a) -(e) for the VIS to LWIR spectral bands. Key sensor configuration changes and events are marked via vertical dashed lines. The stepwise changes in Terra MODIS responses are mostly caused by different operational configurations and sensor events. After more than 9 years of on-orbit operation, the VIS bands have experienced large changes in their responses varying from 10-50%. Excluding changes due to different configurations, the response changes are all within 10% for the NIR bands and 5% for the SWIR, MWIR, and LWIR bands. Over a short period when the cooler lost its thermal margin, the CFPA temperatures showed a large increase, which resulted in large changes in the LWIR responses. By comparison, the MWIR bands are less sensitive to their FPA temperature. The long-term radiometric trends from mirror side 2 are very similar to those derived from mirror side 1. There are, however, some differences in terms of the degradation rates in a few VIS spectral bands.
Similar long-term radiometric trends for Aqua MODIS are illustrated in Figure 9 (a) -(e). Unlike Terra MODIS, the same configuration has been used in Aqua MODIS operation. Excluding the impact due to a few spacecraft and sensor events that occurred at the beginning of the mission, the Aqua MODIS VIS bands have seen changes of 5-25% in their radiometric responses over a period of more than 6.5 years. The response changes are within 7% for all NIR bands and 2% for all the bands located on the CFPA. In general, the long-term response trending performance of Aqua MODIS has been better (less change) than Terra MODIS. In addition, the mirror side differences in Aqua MODIS are much smaller than Terra MODIS.
Spectral and Spatial Characterization
The Terra and Aqua MODIS spectral characterization performance is summarized in Table 6 for the VIS and NIR spectral bands. Table 6 includes the center wavelengths and bandwidths derived from pre-launch characterization and their on-orbit changes annually averaged at the mission beginning (2000 for Terra MODIS, 2002 for Aqua MODIS) and present (2008). Band 2 results are not provided in Table 6 due to SRCA operation differences between pre-launch and on-orbit spectral measurements. In general, the spectral performance of both Terra and Aqua MODIS has been very stable. Except for Terra MODIS band 8, the changes in the center wavelengths are less than 0.5nm. The changes in bandwidths are also very small, typically less than 0.5nm. Exceptions are bands 1 and 19, which have the largest bandwidths (50nm) among all the VIS and NIR spectral bands.
On-orbit spatial performance is examined via band-to-band registration (BBR) in both the along-scan and along-track directions. The 36 spectral bands result in a total of 630 band pairs. The specified spatial registration between any two bands is 200m or less. From pre-launch to on-orbit, nearly all the band pairs in Terra MODIS meet the BBR design requirements. Exceptions are only a few band pairs involving the LWIR bands. For Aqua MODIS, however, serious BBR problems in both along-scan and along-track directions were identified from prelaunch characterization. Though on-orbit performance has been very stable, the BBR problem remains unchanged. If two bands are on the warm FPA (VIS and NIR) or on the cold FPA (SMIR and LWIR), their BBR is likely to meet the specified requirements. Otherwise, if one band is on the warm FPA and the other on the cold FPA, their BBR is typically out of specification. Because of this, special considerations must be made for data products derived from bands in both the warm and cold FPA over non-uniform scenes. Table 2 . Table 3 . 
Others
MODIS on-orbit lunar observations have been used to track the RSB radiometric calibration stability. Response trends similar to Figures 8 and 9 are produced from the monthly lunar observations for the VIS and NIR bands [29] . Results from SD and lunar observations are used together to track changes in the sensor response versus scan angle (RVS). For Terra MODIS, the lunar observations are also used to characterize the PC crosstalk, a known problem identified pre-launch. On-orbit changes in SD BRF are tracked regularly by the SDSM [25] . The SD degradation shows distinctive spectral dependence, with the shortest wavelengths having the largest degradation rate. For Terra MODIS, there has been an increase of SD degradation rate at all wavelengths since the middle of 2003. This is due to extra solar exposure as the SD door is kept in its open position. The SD degradation rate of Aqua MODIS is similar to that of Terra MODIS before its SD door anomaly. In addition to using on-board calibrators, the EV targets have also been used to monitor sensor on-orbit performance [30] .
LESSONS AND APPLICATIONS FOR FUTURE MISSIONS
There have been many lessons learned during MODIS design and development, from their pre-launch measurements, and from on-orbit operation and calibration activities [23, [31] [32] . A few examples are described in the following, which could provide a useful reference for future missions in terms of instrument design considerations, and pre-launch and on-orbit calibration and validation planning. On the program level, it is extremely important to have a science team formed at the early phase of instrument design and retained throughout the mission. This was particularly the case for the MODIS instruments, as their data are needed by scientists and users from different disciplines. To a large extent, the success of the MODIS program is attributed to the early involvement by the science team (ST), with members selected from different research and application areas including land, ocean, atmosphere, and calibration. After launch, the quality of the data products and the scientific value of the mission must be validated and justified by the combined efforts from the ST members and the broad user community [33] [34] [35] .
In addition, it is essential to have a dedicated and sustained calibration team working through the entire process, from pre-launch measurements to post-launch operation and calibration. In this case, the MODIS Characterization Support Team (MCST) has provided critical technical support to the Instrument Manager and Project Scientist during sensor prelaunch calibration phases with independent data analysis and assessment of sensor performance. In support of the ST, MCST is also responsible for instrument on-orbit operation and calibration.
From a sensor performance perspective, high quality pre-launch measurements of sensor parameters, especially those that cannot be characterized on-orbit, are critical to science data products over the entire mission. The sensor RSR and polarization sensitivity are two examples, which directly impact calibration and retrieval accuracy, yet are extremely difficult to characterize accurately on-orbit. During sensor integration and test (I&T), a few, if not all, unexpected or undesirable features could be exposed and identified with well designed measurements and comprehensive data analyses. The best approach is to eliminate these anomalies with design modifications. If, however, these modifications cannot be made due to cost or schedule constraints, then an attempt must be made to reduce the undesirable effects by exercising and examining different operating conditions, characterizing their impacts, and implementing effective correction algorithms. Aqua MODIS PC optical leak removal, based on lessons from Terra MODIS, and its SWIR crosstalk reduction effort are examples of this technique. It is well known that comprehensive sensor pre-launch calibration and characterization measurements significantly contribute to mission success.
Over the years, the MODIS instrument design, including its on-board calibrators, prelaunch calibration and characterization approaches, and on-orbit calibration techniques and algorithms have been incorporated, to some extent, by a number of new earth observing missions. NPOESS VIIRS, GOES-R ABI, and LDCM OLI are just a few examples. This paper has presented an overview of the MODIS instrument background, calibration methodology, on-orbit performance, and lessons learned. MODIS was developed to extend the data records of heritage Earth observing instruments used to study global environmental changes and has produced an unprecedented amount of data for the science community. Onorbit results demonstrate that both MODIS instruments and their OBC are healthy and continue to operate with all designed functions. The temperature control of the BB and cold FPA has been stable and maintained at their nominal operational temperatures for both instruments. In terms of detector performance, of the 490 detectors in each sensor, Terra MODIS currently has no inoperable detectors and a total of 44 detectors that are below the SNR requirement (including all detectors for bands 7 and 36 identified pre-launch), and Aqua MODIS has 15 inoperable detectors (13 in band 6 identified pre-launch and at mission beginning) and 6 detectors that fail to meet the SNR requirement. Overall, the long-term radiometric response for both MODIS instruments has been well characterized and corrected in the L1B algorithms. On Terra, the largest response changes are seen in the VIS bands, up to nearly 50% for band 8 (shortest wavelength). The Terra NIR bands response changes are less than 10% and the SMIR and LWIR bands less than 5%. Aqua MODIS radiometric response changes are smaller than those for Terra MODIS, 5-25% for the VIS bands, up to 7% for the NIR bands and less than 2% for the SMIR and LWIR bands. The spectral and spatial performance of both MODIS instruments has been stable since launch. Overall, the MODIS instruments continue to produce high quality science data. The continuing efforts of MCST are essential as both instruments continue to operate beyond their design life. Lessons learned and experience gained from MODIS in all phases -design, development, pre-launch and onorbit -are a useful reference for future missions.
